p53 and mouse double minute 2 homolog (MdM2) serve key regulatory roles in the apoptosis of synovial cells. The present study aimed to investigate the effects of electroacupuncture (ea) at the 'Zusanli' (ST36) and 'Xuanzhong' (GB39) acupoints on apoptosis in an adjuvant arthritis (aa) rat model. a total of 40 male Sprague-dawley rats were randomly divided into control, aa, aa + ea and aa + sham ea groups (n=10 rats in each group). rats in all the groups, with the exception of the control group, were injected with complete™ Freund's adjuvant into the bilateral hindlimb footpad to establish the aa model. rats in the aa + ea group were treated with ea at the ST36 and GB39 acupoints. rats in the aa + sham ea group were treated with percutaneous electrical stimulation at a position of 5 mm away from the ST36 and GB39 acupoints. The arthritis index scores and hindlimb paw volumes of the rats in each group were recorded. Subsequently, pathological changes in the synovial tissue were evaluated by hematoxylin and eosin (H&e) staining, and the apoptotic rate of the synovial cells was detected by Tunel staining. in addition, the expression levels of the apoptosis-associated proteins, Bax, phorbol-12-myristate-13-acetate-induced protein 1 (noxa) and p53 upregulated modulator of apoptosis (PuMa), were determined by western blot analysis. The expression of both the gene and protein of p53 and MdM2 in synovial tissue was detected by reverse transcription-quantitative polymerase chain reaction (rT-qPcr) and western blot analysis, respectively. The results indicated that the arthritis index scores and hindlimb paw volumes upon EA stimulation were significantly decreased compared with those of the aa group (P<0.05). H&E staining revealed that the synovial inflammation of EA stimulation was significantly decreased compared with the aa group (P<0.05). The Tunel assay results indicated that the apoptotic rate of synovial cells in the aa + ea group was significantly increased compared with that in the AA group (P<0.05). Furthermore, an increased expression of proapoptotic proteins was confirmed by the increased expression levels of Bax, noxa and PuMa in the aa + ea group. The results of rT-qPcr and western blot analysis demonstrated that, compared with the aa group, ea stimulation led to a marked increase in p53 (P<0.05) and a significant decrease in MdM2 (P<0.05) gene and protein expression. Taken together, these results demonstrated that ea performed on the ST36 and GB39 acupoints led to a significant amelioration in AA injury of model rats, by regulating the p53 signaling pathway and inducing apoptosis.
Introduction
rheumatoid arthritis (ra) is a clinically common, chronic, systemic autoimmune disease characterized by 'tumor-like' abnormal excessive proliferation of joint synovial cells, inflammatory cell infiltration, pannus formation, and cartilage and bone destruction (1) (2) (3) (4) . However, the precise mechanisms associated with the pathogenesis of ra have yet to be fully elucidated. With the deepening of research on the pathogenesis of ra, it has been revealed that an imbalance between cell proliferation of the joint synovial membrane and apoptosis is closely associated with the progression of ra (5) (6) (7) (8) . The tumor suppressor gene, p53, exerts a crucial role in the induction of cell apoptosis, and serves as the transcription factor for some anti-and pro-apoptotic proteins; namely, Bax, phorbol-12-myristate-13-acetate-induced protein 1 (noxa), p53 upregulated modulator of apoptosis (PuMa) and mouse double minute 2 homolog (MdM2) (9) (10) (11) (12) (13) (14) . MdM2 is an important negative regulator of p53, which, upon combining with p53, inhibits apoptosis and stimulates cellular inflammation via forming a negative feedback regulatory loop, therefore functioning in a p53-dependent capacity (15, 16) . Bax, noxa, and PuMa are pro-apoptotic proteins belonging to the B-cell lymphoma-2 (Bcl-2) protein family, and are closely associated with mitochondrial-dependent apoptosis, serving as major effectors of p53-mediated cell death (17) (18) (19) . a previously published study suggested that the upregulated p53 gene in chondrocytes of patients with ra was closely associated with the apoptosis of ra cells (20) . overexpression of the p53 gene in the early stages of disease led to an increase in synovial fibroblast apoptosis, thereby alleviating progression of the disease in an adjuvant arthritis (aa) rat model (21) . The expression of MDM2 in fibroblasts of patients with RA was significantly increased and positively correlated with the disease activity of ra, and inhibition of MdM2 effectively inhibited the inflammatory response of RA (16) . Upregulation of Bax, noxa and PuMa has been observed in the apoptosis model of RA fibroblast-like synoviocytes (22) (23) (24) (25) (26) .
clinical studies have confirmed that acupuncture has the potential to be an effective therapy for patients with ra via inhibiting the inflammatory reaction and autoimmunity (27) (28) (29) . animal experimental studies have also confirmed that electroacupuncture (EA) intervention may lead to a significant inhibition of infiltration of local inflammatory cells, a decrease in the expression of inflammatory cytokines, and the proliferation of synovial cells, thereby effectively hindering disease progression in an ra rat model (28, (30) (31) (32) . an additional previously published study disclosed that the regulation of apoptosis was involved in the protective effects of acupuncture (33) . it has been demonstrated that acupuncture intervention is able to improve memory and cognitive function by means of inhibiting neuronal apoptosis via increases in the expression of p53 protein in the cerebral cortex of alzheimer's disease model mice (34) . However, knockout of the p53 gene in the midbrain dopamine neurons of alzheimer's disease model mice was able to eliminate the protective effect of acupuncture (35) . Furthermore, previous evidence has also suggested that ea protects rats from ischemic brain injury by inhibiting the protein level of MdM2 (36) . ea stimulation was also able to inhibit cerebral ischemia (ci) injury-induced cell apoptosis of cerebral and myocardial tissues in ci rats, which was discussed as being potentially associated with the downregulation of Bax expression, and upregulation of Bcl-2 expression, in both myocardial and cerebral tissues (37) . Furthermore, it has been revealed that ea improves learning and memory ability, and protects pyramidal cells from apoptosis, by blocking expression of p53 and noxa in the hippocampal ca1 region of vascular dementia (Vd) rats. increasing expression levels of p53 and noxa, therefore, have important roles in the pathogenesis of Vd (38) . considered collectively, these results suggest that acupuncture may be able to treat certain diseases by regulating p53, Bax, noxa, and MdM2. However, to the best of our knowledge, whether ea is able to suppress proliferation by regulating the p53 signaling pathway has not been previously investigated. in the present study, an aa rat model was established, and the molecular mechanism was investigated via the simultaneous ea of the acupoints 'Zusanli' (ST36) and 'Xuanzhong' (GB39).
Materials and methods
Animals and experimental design. The present study was approved by the Scientific Investigation Board of the Chengdu university of Traditional chinese Medicine. all animal experiments followed the national institutes of Health Guide for the care and use of laboratory animals (39) . a total of 40 7-week-old male Sprague-dawley rats (weight, 170-180 g) were provided by chengdu dashuo laboratory animal co., ltd and housed under standard conditions of temperature and humidity (12: 12 h light: dark cycle; indoor temperature, 23±3˚C; humidity, 60±10%). In addition, rats had ad libitum access to standard rodent chow and water. after a 7 day period of acclimation, rats were randomly divided into four groups, with 10 rats/group: control; aa; aa + ea; and aa + sham ea.
Experimental induction of AA in rats and EA treatment.
With the exception of the control rats, all rats received an intradermal injection of 0.1 ml complete™ Freund's adjuvant (cFa; cat. no. F5881; Merck KGaa) into both hind paws to induce aa. an equivalent volume of saline was administered to each rat in the control group by intradermal injection. on day 3 following aa induction, ea stimulation was performed with sterile metallic needles (Beijing Tianyuheng Technology co., ltd.) with a width of 0.25 mm and a length of 25 mm, which synchronously entered the ST36 (7 mm depth) and GB39 (3 mm depth) acupoints, as described previously (31) . The pattern of stimulus frequency and duration was 2 Hz for 15 min using a commercial electric acupuncture apparatus (SDZ-Ⅱ; Suzhou Medical appliance Factory). ea treatment was administered every other day for 16 days. in the aa + sham ea group, similar ea procedures were performed; however, the needles were inserted into inappropriate acupoints (specifically, rats in the aa + sham ea group were treated with percutaneous electrical stimulation at a position of 5 mm away from the acupoints of ST36 and GB39).
Evaluation of development of arthritis. The arthritic index and foot swelling (i.e., measurement of the hindlimb paw volume) were measured on days 0, 3, 8, 13 and 18 following aa induction, as previously described (30, 40) . in brief, the polyarthritis severity was graded on a scale of 0-4, and scored as follows: 0, no swelling; 1, swelling of finger joints; 2, mild swelling of ankle or wrist joints; 3, severe inflammation of the entire paws; 4, paws with deformity or ankylosis. The foot swelling was determined by a volume drainage method using a plethysmograph apparatus (YlS-7a; Yiyan Sci, ltd.).
Histopathological analysis. The rats were sacrificed on day 18 following aa induction by intraperitoneal injection with 200 mg/kg sodium pentobarbital. Following previous studies of histological analysis (41, 42) , the ankle joints were harvested and fixed in 4% paraformaldehyde for 48 h at 4˚C, and then were subsequently decalcified using a commercial tissue decalcification reagent according to the manufacturer's protocol (cat. no. G1107; Wuhan Servicebio Technology co., Ltd.) and embedded in paraffin. The tissues were then sliced into 4-µm thick sections. Following washing with xylene i and II for 20 min and dehydration with 100, 95, 80 and 70% ethanol for 5 min each, the sections were stained with hematoxylin for 30 min at 25˚C, washed with water for 20 min, stained with eosin for 5 min at 25˚C. Finally, images of the sections were captured under a light microscope (BX53; olympus Corporation) at magnification, x400. The stained sections were scored blindly by 2 investigators, as described previously (30) .
Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) staining. The effect of ea on apoptosis was determined using a Tunel assay, according to the manufacturer's protocol (cat. no. ab15251; roche diagnostics). Briefly, following fixation in 4% paraformaldehyde for 48 h at 4˚C, and after deparaffinization and dehydration, the ankle joint sections were treated with proteinase K (20 µg/ml) for 15 min at room temperature. Subsequently, equilibration buffer was applied for 10 sec, and the specimens were immersed and incubated for 1 h in working strength terminal deoxynucleotidyl transferase (TdT) enzyme solution at 37˚C. Following incubation in stop/wash buffer for 10 min to terminate the reaction, sections were incubated for 30 min in working strength anti-digoxigenin conjugate at room temperature in the dark to visualize the dna fragments. Proteinase K, equilibration buffer, and stop/wash buffer were all included in the Tunel assay kit. Finally, the slides were counterstained with 0.5 µg/ml daPi, and mounted in fluorescence mounting medium. Sections treated only with reaction buffer lacking the TdT enzyme were used as negative controls. To quantify the numbers of apoptotic cells, images of 6 randomly chosen high power fields/slide at magnification, x200, were captured by a blinded examiner using a wide-field fluorescence microscope (Olympus BX53; olympus corporation). Tunel + nuclei were quantified by automatic counting using imageJ software (v.1.47t; national institutes of Health).
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total rna was extracted from synovial tissues using an rna extraction kit (cat. no. G3013; Wuhan Servicebio Technology co., ltd). RNA was quantified using a NanoDrop™ 2000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, inc.), and then immediately reverse-transcribed into cdna using a cdna synthesis kit (cat. no. K1622; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocols. Subsequently, qPcr was performed with SYBr ® Premix eX Taq™ ii (Takara Biotechnology co., ltd.) on an aBi PriSM ® 7900HT Sequence detection system (Thermo Fisher Scientific, Inc.). The thermocycling protocol was as follows: Initial denaturation at 95˚C for 10 min, followed by 45 cycles of 15 sec at 95˚C (denaturation), 60 sec at 60˚C (primer annealing) and 15 sec at 60˚C (elongation), and a final extension step for 10 min at 72˚C. The primer sequences used for qPcr are presented in Table i . GaPdH was used as the internal reference, and relative gene expression levels were calculated using the 2 -ΔΔcq method (43) .
Western blot analysis. as described previously (44), frozen rat ankle synovial tissues were homogenized in cold whole cell lysis buffer (cat. no. G2002; Wuhan Servicebio Technology co., ltd.) and subsequently centrifuged at 14,000 x g for 5 min at 4˚C. Protein concentration in the supernatant was standardized using a protein concentration assay kit (cat. no. G2026; Wuhan Servicebio Technology co., ltd.). a total of 40 µg protein per lane was separated using 10% SDS-PAGE gels, and subsequently transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% bovine serum albumin (cat. no. G2013; Wuhan Servicebio Technology Co., Ltd.) for 2 h at 25˚C, followed by incubation with primary antibodies against p53 (dilution, 1:1,000; cat. no. ab131442; abcam), MdM2 (1:1,000; cat. no. ab38618; abcam), PuMa (1:1,000; cat. no,. bs-1573r; BioSS), Bax (1:500; cat. no. bs-0127M; BioSS), noXa (1:1,000; cat. no. bs-19322r; BioSS), β-actin (1:3,000; cat. no. GB12001; Wuhan Servicebio Technology co., ltd.), and GaPdH [1:1,000; cat. no. 70-ab011-100; MultiSciences (Lianke) Biotech Co., Ltd.] overnight at 4˚C. The following day, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibodies (1:5,000; cat. no. 70-Gar007; MultiSciences) for 2 h at 25˚C. Finally, protein bands were developed using a chemidoc™ XrS imaging system (Bio-rad laboratories, inc.). The bands of interest were quantified, and normalized against GaPdH using image-Pro Plus v.6.0 software (Media cybernetics, inc.).
Statistical analysis. The data are presented as the mean ± standard deviation. differences between groups were analyzed using one-way analysis of variance, followed by Tukey multiple comparison post-hoc tests. Statistical analyses were performed with SPSS 19.0 software (iBM corp.). P<0.05 was considered to indicate a statistically significant difference.
Results
EA stimulation decreases the arthritis index scores of AA rats. as presented in Fig. 1 , the arthritis index scores in the AA, AA + EA and AA + sham EA groups were significantly increased on day 3 following aa induction (P<0.01), indicating that the aa model had been successfully established. during the course of the experiment, the arthritis index score in the AA group increased gradually. EA intervention significantly decreased the arthritis index score (P<0.01). However, no significant differences were identified between the AA + sham ea and aa groups (P>0.05). EA stimulation inhibits foot swelling in AA rats. The foot swelling was measured by the volume drainage method (Fig. 2) . Prior to initiation of the experiment, no significant differences in the size of foot swelling were observed between the groups. at 3 days after the injection of CFA, a significant increase in foot volume was observed in all groups, with the exception of the control group. after 8 sessions of ea stimulation, foot swelling in the aa + ea group was markedly alleviated compared with that in the aa group (P<0.01); by contrast, foot swelling in the aa + sham ea group was not decreased compared with that in the aa group (P>0.05).
EA stimulation improves the pathological morphology of synovial tissue in AA rats. Histological analysis revealed that the inner-surface-layer synovial cells in the ankle joint of the control group were smooth and flat, and the cells were neatly arranged without any indications of inflammatory cell infiltration or synovial cell proliferation ( Fig. 3) . By contrast, the synovial tissue of the ankle joint was highly proliferated, with irregular cell arrangement, significant infiltration of inflammatory cells, increased new capillary development, pannus formation, and synovitis in the aa group. However, in the aa + ea group, the results of H&e staining appeared to be similar to those of the control group.
EA stimulation increases the apoptotic rate of synovial cells in AA rats. Subsequently, cell death was observed using a Tunel assay. compared with the control group, the percentage of Tunel-positive cells increased markedly in the aa group (P<0.01; Fig. 4a ). However, compared with the aa + sham ea and aa groups, ea stimulation led to a further, marked increase in the number of Tunel-positive cells (P<0.01). Additionally, no significant difference in the apoptotic cell ratio was observed between the aa + sham ea and aa groups (P>0.05). Subsequently, expression levels of the pro-apoptosisassociated proteins, Bax, noxa and PuMa, were detected by western blot analysis. as demonstrated in Fig. 4B , treatment of rats with aa resulted in increased Bax, noxa and PuMa protein levels compared with the control group (P<0.01). ea stimulation caused an additional increase in Bax, noxa and PuMa protein expression (P<0.01). However, compared with the aa group, sham acupuncture stimulation elicited no effect on Bax, noxa and PuMa protein expression (P>0.05).
EA stimulation regulates the expression of p53 and MDM2
in synovial tissue of AA rats. as demonstrated in Fig. 5a -c, increased levels of p53 and MdM2 protein in synovial tissue were observed in the aa group compared with the control group (P<0.01). additionally, ea stimulation resulted in an additional increase in p53 protein expression (P<0.01). However, by contrast, ea stimulation inhibited MdM2 protein expression (P<0.01). consistently, sham acupuncture stimulation exerted no effect on p53 and MdM2 protein expression compared with the aa group (P>0.05). in addition, treatment of rats with AA led to significantly increased gene expression levels of the p53 and MdM2 genes ( Fig. 5d and e ) compared with the control group (P<0.01). However, increased and decreased expression mrna levels of p53 and MdM2, respectively, were detected following ea stimulation (P<0.01). compared with the aa group, sham acupuncture stimulation produced no effect on p53 and MdM2 gene expression (P>0.05).
Discussion
neovascularization and synovial cell proliferation are two key factors in the progression of ra. our recently published article focused on the inhibitory effect of electroacupuncture (ea) on synovial neovascularization in ra rats. The results of this study suggested that ea intervention may inhibit neovascularization by downregulating the expression of HiF-1α and VeGF (45) . The present study aimed to investigate the effect of ea on the abnormal proliferation of synovial cells in ra rats. The present study has demonstrated that ea is able to effectively inhibit arthritis in aa rats, promote synovial cell apoptosis, increase the expression levels of p53 and its downstream factors, and decrease the expression of MdM2, a negative regulator of p53 (Fig. 6) .
Synovial cell proliferation is a hallmark pathology of ra, which is largely due to the abnormal proliferation and insufficient apoptosis of fibroblast-like synoviocytes of RA, which exhibit 'tumor-cell-like' properties, including unlimited proliferation, resistance to cell death, and aggressive invasion and migration (3, 7, 46, 47) . Previous studies have suggested that the abnormal apoptosis of synovial cells is associated with ra, and decreased levels of apoptosis may lead to excessive proliferation of synovial tissue, thus promoting the deterioration of ra (5, 6, 48) . Previous studies have demonstrated that inducing apoptosis of synovial cells effectively leads to an inhibition of cellular proliferation (49, 50) . an additional study revealed that acupuncture therapy may be involved in the regulation of apoptosis, and that the underlying mechanism is predominantly governed by regulating apoptosis-associated genes, cytokines and other intracellular small molecules, including p53, MdM2, Bax, noxa and PuMa (51) .
One previous study identified that fibroblast-like synoviocytes (FLS) obtained from AA rats significantly proliferated and exhibited increased levels of pro-inflammatory cytokines TnF-α and il-β compared with the control group. Concomitantly, the apoptotic rate of FLS was significantly decreased, the expression level of anti-apoptotic protein Bcl-2 was upregulated, and the relative expression of Bax was decreased. a potential mechanism is that the mitochondrial apoptotic pathway of aa-FlS is inhibited and exhibits anti-apoptotic properties, while arthritic symptoms are manifested (52) . a second study indicated that increasing the apoptotic rate of synovial cells in AA rats may significantly improve the symptoms of arthritis. its mechanism may be associated with decreases in Bcl-2 and increases in Bax expression levels, and increases in caspase-3 activity (53) .
in the present study, aa rats were selected as a model of ra, which is the most commonly used animal model (54,55). The results indicated that, compared with the control group, after 72 h, the toes and ankles of ra rats possessed different degrees of swelling, deformity and increased arthritis index scores. The results of the H&e staining of synovial tissue revealed abnormal proliferation of synovial cells, connective tissue and blood capillaries. Furthermore, a large number of inflammatory cells had infiltrated the synovium. Concomitantly, the proportion of Tunel-positive cells increased markedly in the aa group. These pathological changes in the aa rat model were consistent both with the symptoms of patients with clinical ra and with pathological lesions in previously described experimental animal models (32, 56) .
Previous studies have suggested that p53, a tumor suppressor factor, fulfills a crucial role in mitochondrial-dependent apoptosis (12, 13) . MdM2 is a key negative regulator of p53, affecting the transcriptional activity and stability of p53, and thereby forms a negative feedback pathway with p53 (15, 16) . Previous studies have indicated that in wild-type cells, p53 expression is maintained at a very low level under normal physiological conditions. However, in the state of cellular stress including hypoxia and dna damage, p53 is stabilized and accumulated. in addition, enhanced transcriptional activity of p53 may increase the expression of MdM2, a downstream regulator of p53 (57) (58) (59) . in accordance with previous studies (31, 60) , in the present study, ea performed on the ST36 and GB39 acupoints resulted in an inhibition of the proliferation of synovial cells and joint inflammation in rats. Notably, the results of the present study also indicated that ea stimulation led to a marked increase in synovial cell apoptosis, as evidenced by intensive Tunel-positive staining. Furthermore, compared with the aa group, the protein and gene expression levels of p53 were demonstrated to increase in the synovial cells of aa rats, whereas the protein and gene expression levels of MdM2 were inhibited. Previous data have suggested that increased levels of p53-induced apoptosis occur in fibroblasts of AA rat synovial tissue during increasing and chronic arthritis (16, 21, 31, (61) (62) (63) (64) (65) . additionally, inhibited expression of the p53 gene in synovial fibroblasts may lead to upregulation of inflammatory factors in cd4 + T lymphocytes of patients with ra, including interleukin-17 and interferon-γ (66) . Taken together, an accumulation of the p53 gene product may alleviate ra via inhibiting the inflammatory factor-induced subsequent spread of inflammatory reactions, and inducing apoptosis in synovial tissue. Zhang et al (16) demonstrated that the expression of MdM2 protein was significantly increased in fibroblast-like synovial cells of patients with ra, and that this was positively correlated with the disease activity of ra. in addition, inhibition of MDM2 protein expression may serve an anti-inflammatory role by regulating the mitogen-activated protein kinase and nF-κB signaling pathways in collagen-induced arthritic mice (67) .
Previous studies have indicated that local hypoxia of synovial joints caused by ra may activate the p53-mediated mitochondrial apoptotic pathway (18, 19) . it has been suggested that, as a downstream effector of the Bcl-2 protein family, p53 fulfills a crucial role in mitochondrial-dependent apoptosis, a process that results in abnormal expression of Bax, noxa and PuMa (12-14). noxa may inhibit the expression of anti-apoptotic Bcl-2 family members, while PuMa increases the expression and conformational changes of Bax, which in turn contributes to pore formation (13, 17, (68) (69) (70) . The results of the present study indicated that compared with the aa group, ea intervention may increase the expression of Bax, noxa and PuMa proteins in the downstream regulatory genes of p53.
The aforementioned results of the present study suggested that ea was able to effectively treat ra disease by regulating the expression of p53 and MdM2, and promoting further expression of the proapoptotic proteins, Bax, noxa and PuMa, data that were consistent with previous studies (16, 20, 21) .
Prior clinical studies have suggested that the effects of acupuncture or ea intervention at acupoints are markedly improved compared with those of sham acupuncture intervention at non-acupoints near to acupoints (71) (72) (73) . in an animal experiment on the anti-inflammatory effects of EA, pretreatment of the Hegu acupoint led to an improvement in the survival rate of rats with lethal endotoxemia, whereas acupuncture at non-acupoints, located on the ulna side of the metacarpus, failed to elicit a similar effect (74) . These results also suggested that the anti-inflammatory effects of EA on acupoints is markedly improved compared with that of non-acupoints. The results of the present study also confirmed that sham EA stimulation exerted no effect on the arthritis scores, pathological lesions of synovial joints, apoptosis, or gene or protein expression of p53 and its downstream factors including Bax, noxa, PuMa, or MdM2, compared with the aa group; these data were consistent with previous studies (6, 21, 26) .
in conclusion, the results from the present study have demonstrated that ea stimulation of the ST36 and GB39 acupoints exhibited potential therapeutic effects on aa rats. Furthermore, the underlying mechanisms may be associated with increases in the expression of the p53 signaling pathway, thereby inducing apoptosis in synovial tissue. However, further investigations are required to determine the precise mechanisms underlying activation of the p53 signaling pathway by ea.
